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ABSTRACT
The chemical enrichments detected in carbon- and s-element-enhanced metal-poor (CEMP-s) stars are believed to be the consequence
of a past episode of mass transfer from a now extinct asymptotic-giant-branch primary star. This hypothesis is borne out by the evi-
dence that most CEMP-s stars exhibit radial-velocity variations suggesting that they belong to binary systems in which the companion
is not directly visible. We use the orbital-period distribution of an unbiased sample of observed CEMP-s stars to investigate the con-
straints it imposes on our models of binary evolution and on the properties of the metal-poor binary population in the Galactic halo.
We generate synthetic populations of metal-poor binary stars using different assumptions about the initial period distribution and about
the physics of the mass-transfer process, and we compare the predicted period distributions of our synthetic CEMP-s stars with the
observed one. With a set of default assumptions often made in binary population-synthesis studies, the observed period distribution
cannot be reproduced. The percentage of observed CEMP-s systems with periods shorter than about 2,000 days is underestimated
by almost a factor of three, and by about a factor of two between 3,000 and 10,000 days. Conversely, about 40% of the simulated
systems have periods longer than 104 days, which is approximately the longest measured period among CEMP-s stars. Variations in
the assumed stability criterion for Roche-lobe overflow and the efficiency of wind mass transfer do not alter the period distribution
enough to overcome this discrepancy. To reconcile the results of the models with the orbital properties of observed CEMP-s stars,
one or both of the following conditions are necessary: (i) the specific angular momentum carried away by the material that escapes
the binary system is approximately two to five times higher than currently predicted by analytical models and hydrodynamical simu-
lations of wind mass transfer, and (ii) the initial period distribution of very metal-poor binary stars is significantly different from that
observed in the solar vicinity and weighted towards periods shorter than about ten thousand days. Our simulations show that some,
perhaps all, of the observed CEMP-s stars with apparently constant radial velocity could be undetected binaries with periods longer
than 104 days, but the same simulations also predict that twenty to thirty percent of detectable binaries should have periods above this
threshold, much more than are currently observed.
Key words. Binaries: mass transfer, stellar winds, angular-momentum loss, orbital periods. Stars: chemically peculiar, Population II.
Galaxy: halo
1. Introduction
A significant proportion of the low-metallicity stars observed in
the Galactic Halo are found to have abundances of carbon rel-
ative to iron more than ten times larger than in the Sun, that
is1 [C/Fe] > 1.0. These so-called carbon-enhanced metal-poor
(CEMP) stars are a significant fraction of the metal-poor popu-
lation of the Halo and their proportion increases with decreasing
metallicity, making up more than 20% of all metal-poor stars
at [Fe/H] < −3 (e.g. Cohen et al. 2005; Frebel et al. 2006;
Lucatello et al. 2006; Carollo et al. 2012; Lee et al. 2013; Yong
et al. 2013; Placco et al. 2014). At [Fe/H] > −3.5 the major-
ity of these carbon-rich stars also have strong enhancements in
the element barium, which is predominantly produced by the
slow neutron-capture process. These objects are therefore clas-
sified as CEMP-s stars. The main site of nucleosynthesis of s-
elements is the intershell region of thermally-pulsing asymptotic
giant branch (TP-AGB) stars (e.g. Gallino et al. 1998; Busso
et al. 1999; Herwig 2005; Romano et al. 2010; Prantzos et al.
2018). However, the luminosities and surface gravities of ob-
served CEMP-s stars prove that most of these objects, if not
1 Given the elements X and Y and their number densities, NX,Y,
[X/Y] = log10 (NX/NY)? − log10 (NX/NY), where ? and  indicate
the abundances detected in the star and in the Sun, respectively.
all, have not yet reached the AGB phase. On the other hand,
the majority of CEMP-s stars are found in binary systems (Aoki
et al. 2007; Hansen et al. 2016), suggesting that the origin of the
chemical enrichment is mass transfer from a binary companion
that was once a TP-AGB star.
Insight into the nature of the mass-transfer mechanism can
be gained from the study of the orbital properties of these sys-
tems. However, information on orbital periods is hard to come
by, particularly for long-period systems for which an accurate
orbital solution cannot be achieved without observations span-
ning many years. Lucatello et al. (2005) were the first to suggest
that all CEMP-s stars are members of binary systems, based on
a sample of 19 stars with radial-velocity variations. They were
able to calculate orbital solutions for ten of these systems. With
the exception of HE 0024–2523, which has a very short pe-
riod of just 3.41 days, all the systems have periods between a
few hundred and a few thousand days. With this same data, and
additional radial-velocity data from many sources, Starkenburg
et al. (2014) performed a maximum-likelihood analysis and con-
cluded that the binary fraction of the CEMP-s stars is consis-
tent with unity. They also placed a maximum period of around
104 days on such systems, with an average period of around 500
days. In addition, they showed that CH stars (the higher metallic-
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ity analogues of the CEMP-s stars) have a similar, if not tighter,
period distribution.
In their analysis of 13 low-metallicity carbon stars, Jorissen
et al. (2016) provided orbital solutions for an additional four
CEMP-s stars, finding periods of 400–3,000 days in line with
those determined for previous systems. They also noted the sim-
ilarity of the period range occupied by the CH and CEMP-s stars,
and in addition pointed out that the two groups have a similar
distribution in period-eccentricity space. Similar orbital proper-
ties and a binary fraction consistent with 100% have been de-
termined for barium stars, a class of G and K barium-rich gi-
ants at solar metallicity, which are believed to form by the same
mass-transfer mechanism as CH and CEMP-s stars (e.g. Boffin
& Jorissen 1988; McClure & Woodsworth 1990; Jorissen et al.
1998; Van der Swaelmen et al. 2017).
Hansen et al. (2016) built a sample of 22 CEMP-s stars, se-
lected only based on their enhanced abundances of carbon and
barium, and they monitored the radial velocities of these systems
monthly over a period of about 3,000 days. They determined
17 orbits independently of other work, adding twelve CEMP-s
stars to the set of those with known orbital parameters. Because
this sample was chosen regardless of any previous detection
of radial-velocity variations, it is not expected to be biased to-
wards any period range and it should be representative of the or-
bital properties of the overall CEMP-s population. Hansen et al.
(2016) found periods between 20 and 10,000 days for 17 out of
22 systems (shown as blue-filled circles in Fig. 1). Four stars are
apparently single, while one further system exhibits clear radial-
velocity variations but it was impossible to determine its orbit
(the point at negative eccentricity in Fig. 1), indicating that the
orbital period is probably very long.
Model predictions from binary population synthesis (Abate
et al. 2015c) show that the observed fraction of CEMP stars
among the very metal-poor stars of the SDSS/SEGUE survey
can be reproduced at [Fe/H] . −2.0, but only with the contri-
bution of binaries in a wide range of initial periods, up to a few
times 105 days. This also yields a wide distribution of current
orbits, mostly in the range 103 up to almost 106 days (Izzard
et al. 2009; Abate et al. 2013, 2015c). In particular, Abate et al.
(2015c) demonstrated that the orbital-period distribution of the
simulated binaries is shifted towards periods longer by a factor of
ten (on average) compared to the observed distribution. Because
the data available at the time was an inhomogeneous collection
of orbital periods from the literature, the authors could not draw
any definite conclusions from this comparison. Either the mod-
els should produce more CEMP stars in binary systems below a
few thousand days, or, alternatively, the observed sample was bi-
ased towards short periods and most observed CEMP stars with-
out an orbit determination should have periods longer than 104
days. The comparison with the unbiased sample of Hansen et al.
(2016), which has periods in a range consistent with previous
results, has the potential to provide tighter constraints on the
simulations, in particular on the modelling of the mass-transfer
process.
The nature of mass transfer in binary systems containing
AGB stars is not well understood. Because mass transfer by
Roche-lobe overflow (RLOF) from stars with deep convective
envelopes is in many cases unstable, it is likely an inefficient
mechanism of mass transfer. Hence, systems with AGB donors
have to be wide to avoid RLOF and the secondary stars accrete
material from the AGB winds. Unfortunately, our understanding
of wind mass transfer is rather uncertain. In situations where the
wind speed is much faster than the orbital speed of the binary,
the accretion can be described by the model of Bondi, Hoyle
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Fig. 1. Period-eccentricity diagram of the binary systems de-
tected by Hansen et al. (2016, blue-filled circles) and of all other
known binary CEMP-s stars in the literature (Suda et al. 2008,
2011; Jorissen et al. 2016, black crosses).
and Lyttelton (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944),
which results in low accretion efficiencies. However, AGB stars
typically have slow winds of not more than around 15 km s−1
(Vassiliadis & Wood 1993), making the situation much more
complex. Much effort has gone into modelling this type of mass
transfer (e.g. Mohamed & Podsiadlowski 2007; de Val-Borro
et al. 2009; Chen et al. 2017, 2018; de Val-Borro et al. 2017; Liu
et al. 2017; Saladino et al. 2018), which has led to the discovery
of a new mode of mass transfer, dubbed wind Roche-lobe over-
flow (WRLOF, Mohamed & Podsiadlowski 2007). This mode
relies on the fact that AGB winds require the formation of dust
to efficiently accelerate their winds. If the dust formation radius
lies sufficiently close to the Roche lobe, then the AGB wind
moves very slowly and material can be efficiently transferred
to the companion through the inner Lagrangian point, with per-
haps up to half the ejected material being accreted (Mohamed &
Podsiadlowski 2007; Abate et al. 2013).
Coupled with the issue of mass transfer and mass loss from
binary systems is the issue of angular-momentum loss and trans-
fer. While the latter is most important for the subsequent evolu-
tion of the secondary, angular-momentum loss from the system
as a whole will alter the binary orbit. In the Jeans approxima-
tion of a spherically symmetric wind, the ejected material has
the same specific angular momentum as the orbit of the wind-
losing star and consequently the system widens in response to
mass loss. However, in the case of a dense AGB outflow with
velocity comparable to or lower than the orbital velocity of the
binary the situation is certainly more complicated and both ob-
servations and hydrodynamical simulations show that the mat-
ter is not ejected isotropically (see e.g. Karovska et al. 2005 for
the observations of Mira AB, the prototypical detached binary
system with an AGB donor star, and de Val-Borro et al. 2009,
Mohamed 2010, Liu et al. 2017 for the simulations). Jahanara
et al. (2005) and, more recently, Chen et al. (2018) and Saladino
et al. (2018) have performed hydrodynamical simulations to de-
termine the amount of angular momentum carried by the ejected
material for different binary separations and mass ratios and a
variety of assumptions about the input physics, such as the wind
acceleration mechanism, chemical composition of the outflow-
ing gas and its cooling efficiency. However, because of the com-
plexity of the problem, a reliable model of how the amount of an-
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gular momentum lost by the binary system depends on all these
parameters has yet to be developed.
In this work we use our binary population-synthesis model
to investigate how different assumptions about the accretion ef-
ficiency, angular-momentum loss, stability of Roche-lobe over-
flow and the initial binary-parameter distributions modify the pe-
riod distributions of synthetic CEMP-s stars. In particular, we as-
sume that the sample of CEMP-s stars observed by Hansen et al.
(2016) is representative of the overall population and we use the
period distribution determined from this sample as a case study
to address the following questions:
1. What mechanism is responsible for mass transfer in binary
systems and how efficient is it?
2. How much angular momentum is carried away by the mate-
rial that leaves the binary system?
3. Is there a set of assumptions with which our binary-
population-synthesis model reproduces the orbital-period
distribution observed in CEMP-s stars?
2. Models
In this study we use the binary population synthesis code
binary c/nucsyn2 developed by Izzard et al. (2004, 2006,
2009, 2018). The starting point of our analysis is the default
model set A of Abate et al. (2015c), of which we describe the
basic properties, assumptions, and selection criteria in Sect. 2.1.
We introduce several modifications in the input physics of this
model set and we investigate their consequences for the orbital-
period distribution of the synthetic CEMP-s population. These
modifications are discussed in Sections 2.2–2.5. Table 1 presents
a list of all adopted model sets, together with the CEMP fractions
they produce and a few numbers characterising their period dis-
tributions (which will be discussed in Sect. 3).
2.1. Population-synthesis models
Following Abate et al. (2015c), in our simulated populations
of binary stars the primary masses and separations (M1,i and
ai) are logarithmically spaced over the intervals [0.5, 8.0] M
and [5, 5 × 106] R, respectively, while the secondary masses,
M2,i, are linearly distributed in [0.1, 0.9] M. Our grid resolu-
tion is N = NM1 × NM2 × Na, with NM1 = 100, NM2 = 32,
Na = 80, giving a total grid of 256,000 systems. In most of our
simulations we consider circular orbits, although ten observed
CEMP-s stars have eccentricities greater than zero. The results
of modelling eccentric systems are discussed in Sect. 4.4. The
mass of the partial mixing zone, a parameter that determines the
abundances of neutron-capture elements synthetised in the AGB
phase (Karakas 2010; Lugaro et al. 2012; Abate et al. 2015a),
is set to be equal to MPMZ = 2 × 10−3M, which is the default
of Karakas (2010). This assumption has negligible effects on the
total fraction of CEMP stars or the period distribution of syn-
thetic CEMP stars. This is because the populations of simulated
CEMP stars are dominated by binary systems with initial pri-
mary masses smaller than about 2M (cf. Fig. 1 of Abate et al.
2015c), and the amount of s-elements produced at these low
masses does not depend much on the mass of the partial-mixing
zone (Lugaro et al. 2012; Abate et al. 2015c). The wind velocity
and mass-loss rate on the AGB are computed according to the
empirical relations determined by Vassiliadis & Wood (1993).
Wind velocities vary between 5 and 15 km s−1, as in the paper
2 SVN revision r5045.
of Abate et al. (2013), except in our model set M7 in which we
adopt a maximum of 7.5 km s−1.
The primary masses in our populations are initially dis-
tributed according to the solar-neighbourhood initial mass func-
tion (IMF) proposed by Kroupa et al. (1993). In most of our
models the distribution of initial mass ratios qi = M2,i/M1,i is
flat in the interval [0, 1], and the separation distribution is flat
in log ai. The total binary fraction, fbin, is assumed to be unity
in the considered range of ai, [5, 5 × 106] R. Following the ap-
proach of Moe & Di Stefano (2017), these assumptions trans-
late into a constant binary fraction per decade of orbital period,
d f /dlog P ≡ flog P = 0.11, because our separation distribution
spans a range of 109 days in orbital periods and the sum over all
logP-bins adds up to the total binary fraction,
∑
P flog P = fbin.
Alternative separation distributions are explored in Sect. 2.5.
As initial composition we adopt the solar abundance distri-
bution of Asplund et al. (2009) scaled down to metallicity 10−4
(that is [Fe/H] ≈ −2.2). We assume that the transferred mate-
rial is mixed throughout the accreting star (hereinafter, the ac-
cretor) to mimic the effect of non-convective mixing processes,
such as thermohaline mixing, which is expected to be efficient
in low-mass stars (Stancliffe et al. 2007; Stancliffe & Glebbeek
2008). Our assumption will overestimate the dilution effect of
these non-convective processes (see e.g. Matrozis et al. 2017) but
it has a small impact on the final properties of the CEMP pop-
ulation, partly because most of our synthetic CEMP stars have
undergone first dredge-up, which efficiently mixes the accreted
material anyway (Abate et al. 2015c).
We evolve our binary systems with these initial conditions
and we select the stars that after ten billion years have not yet
become white dwarfs. We determine which of these stars are
visible with a criterion based on their luminosity following the
method described by Abate et al. (2015c, Sect. 2.3) with V-
magnitude limits at 6 and 16.5. According to the selection cri-
teria of Hansen et al. (2016), we flag a star as CEMP-s when
its carbon and barium surface abundances are [C/Fe] > 1 and
[Ba/Fe] > 0.5, respectively.
2.2. Stability of Roche-lobe overflow
Roche-lobe overflow from AGB donors is believed to be gen-
erally unstable, except in some cases when the donor is less
massive than its companion or the mass of the convective en-
velope is small compared to that of the core (Hjellming &
Webbink 1987). This is because AGB stars expand in response to
mass loss because of their large convective envelopes (Paczyn´ski
1965), whereas the Roche-lobe radius shrinks in response to
mass transfer when the donor is more massive than its com-
panion (Paczyn´ski 1965, 1971). Favourable conditions for sta-
ble RLOF are rarely met in the formation process of CEMP-s
stars. Low-metallcitity AGB stars of initial masses above 0.9 M
efficiently dredge up nuclear-processed material to the surface
(Stancliffe 2009; Karakas 2010; Lugaro et al. 2012). By contrast,
their binary companions need to be low in mass, M2,i ≤ 0.85 M
(Abate et al. 2015c), otherwise after accreting a few hundredths
of a solar mass of material they rapidly evolve and become white
dwarfs before 10–12 Gyr, which is approximately the age of
the Galactic-halo population. In that case they would not be ob-
servable today as CEMP-s stars. Consequently, the mass ratio
in most potential progenitors of CEMP-s stars is M2/M1 < 1
during the whole evolution and therefore the RLOF is in most
cases unstable. The binary system is then believed to evolve into
a common-envelope phase (Paczyn´ski 1976) during which there
3
Carlo Abate et al.: Understanding the orbital periods of CEMP-s stars
Table 1. Input physics adopted in our calculated binary-population models and predicted fraction of CEMP stars.
Model set Qcrit Wind accretion Angular-momentum ai distribution CEMP log10 Pf at percentiles K-S
mode loss (%) 2.5% 50% 97.5% p-value
M1 H02 WRLOF isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 5.4 2.83 4.07 5.13 0.001
M2 CH08 WRLOF isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 6.0 2.61 3.93 5.11 0.012
M3 106 WRLOF isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 6.7 2.66 3.81 5.09 0.054
M4 H02 BHL isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 4.0 2.84 3.96 4.93 0.002
M5 CH08 BHL isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 4.6 2.57 3.84 4.87 0.026
M6 CH08 WRLOF hydro flog P = 0.11, ai/R ∈ [5, 5 × 106] 5.8 2.20 3.91 5.09 0.032
M7 CH08 WRLOF hydro (vw = 7.5km s−1) flog P = 0.11, ai/R ∈ [5, 5 × 106] 6.2 1.92 3.87 5.39 0.044
M8 CH08 WRLOF BT93 flog P = 0.11, ai/R ∈ [5, 5 × 106] 5.5 1.65 3.41 4.88 0.773
M9 CH08 WRLOF ∆J/J = 2 (∆M/M) flog P = 0.11, ai/R ∈ [5, 5 × 106] 6.8 2.96 3.92 4.97 0.018
M10 CH08 BHL ∆J/J = 2 (∆M/M) flog P = 0.11, ai/R ∈ [5, 5 × 106] 5.1 2.00 3.63 4.55 0.294
M11 CH08 WRLOF ∆J/J = 3 (∆M/M) flog P = 0.11, ai/R ∈ [5, 5 × 106] 7.7 1.92 3.87 4.92 0.033
M12 CH08 WRLOF ∆J/J = 6 (∆M/M) flog P = 0.11, ai/R ∈ [5, 5 × 106] 10.1 1.75 3.64 4.81 0.276
M13 CH08 WRLOF isotropic wind Moe & Di Stefano (2017) 5.0 2.62 3.99 5.18 0.006
M14 CH08 WRLOF isotropic wind flog P = 0.15, Pi/days ∈ [10, 2 × 104] 6.5 2.54 3.67 4.44 0.108
M15 CH08 BHL, αBHL = 10 isotropic wind flog P = 0.11, ai/R ∈ [5, 5 × 106] 7.2 2.25 4.26 5.54 0.001
M16 CH08 BHL, αBHL = 10 ∆J/J = 2 (∆M/M) flog P = 0.11, ai/R ∈ [5, 5 × 106] 7.5 2.01 4.06 5.36 0.005
Notes. H02: as defined by Hurley et al. (2002). CH08: table based on the results of Chen & Han (2008). Hydro: fit to hydrodynamical simulations
from the literature (Jahanara et al. 2005; Chen et al. 2018; Saladino et al. 2018) as in Eq. (5). BT93: fit to the ballistic simulations of Brookshaw
& Tavani (1993) as in Eq. (6). With the exception of M7, all sets assume terminal AGB wind velocity vw = 15km s−1. All models using the BHL
approximation assume αBHL = 1.5, except M15 and M16.
is no significant accretion of material on to the companion star
(Ricker & Taam 2008).
Our binary population-synthesis model determines whether
RLOF is stable by comparing the mass ratio between the donor
and the accretor, Q = Mdon/Macc, with a critical value, Qcrit: if
Q > Qcrit during RLOF, the systems undergo common-envelope
evolution. When the donor star is a giant, Qcrit is calculated with
Eq. 57 of Hurley et al. (2002, Sect. 2.6.1) and scales with the
fifth power of the ratio between the core and total masses of
the donor. When the RLOF process is unstable, we model the
common-envelope evolution according to equations 69–78 of
Hurley et al. (2002, Sect. 2.7), in which we assume αCE = 1.0,
λion = 0.0, and λCE is computed as in Eq. A.1 of Claeys et al.
(2014, Appendix A).
In recent years, the response of giant stars to mass loss has
been investigated by several authors who have argued that stars
with convective envelopes may expand less, and less rapidly,
than previously derived with simplified models (e.g. Chen &
Han 2008; Ge et al. 2010; Woods & Ivanova 2011; Passy et al.
2012a,b; Ge et al. 2015; Pavlovskii & Ivanova 2015). Chen &
Han (2008, tables 1 and 2) provide critical mass ratios for sta-
ble RLOF for different primary masses, stellar radii, and mass
accretion efficiencies. These values are generally higher than the
Qcrit implemented in our code, which implies that RLOF from
AGB donors may be more stable than, for example, in the sim-
ulations of Abate et al. (2015c). Therefore, we use the results
of Chen & Han (2008) to construct a table (R.G. Izzard, priv.
comm.) which can be interpolated by our population-synthesis
code to determine the stability of RLOF in binary systems with
an alternative criterion to that of Hurley et al. (2002). Hereinafter
we will refer to the former as the “CH08 criterion” of RLOF sta-
bility and to the latter as the “H02 criterion”. The CH08 criterion
is adopted in most of our model sets (see Table 1).
As we discuss in Sect. 3.1, models with more stable RLOF
from AGB donors predict a larger number of CEMP-s stars with
orbital periods between a few hundred and a few thousand days.
To test the maximum possible effect of increased RLOF stabil-
ity on the period distribution of synthetic CEMP-s stars, in our
model set M3 we impose that RLOF from AGB stars is always
stable by setting an arbitrarily high Qcrit (namely, Qcrit = 106).
2.3. Accretion efficiency of wind mass transfer
Because of the above-mentioned constraints on the stability of
the RLOF process, mass transfer from AGB donors and the con-
sequent formation of CEMP-s stars is generally considered to
occur by accretion of stellar winds. The efficiency of this pro-
cess as a function of the masses of the two stars and of the
orbital separation is not well understood. Population-synthesis
studies often use the Bondi-Hoyle-Lyttleton model (Hoyle &
Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952; Edgar 2004)
to determine the accretion efficiency of wind mass transfer. This
prescription is adopted in our model sets labelled with BHL in
Table 1, which compute the wind accretion rate using equation
6 of Boffin & Jorissen (1988):
βBHL =
αBHL
2
√
1 − e2
·
(
GMacc
a v2w
)2 1 + ( vorbvw
)2−
3
2
, (1)
where G is the gravitational constant, vw and vorb are the wind
and orbital velocities, respectively, e is the eccentricity, and αBHL
is a numerical constant between 1 and 2 (by default it is equal to
1.5 in our models).
The BHL model is appropriate under the assumption that the
orbital velocity of the accretor is much smaller than the wind
velocity. AGB winds do not usually fulfil this condition. Their
detected velocities vary between approximately 3 and 30 km s−1
(e.g. Vassiliadis & Wood 1993; van Loon et al. 2005; Goldman
et al. 2017), which are comparable to the orbital velocities of
binary stars of total mass in the range 1 − 3 M and periods up
to about 30,000 days. In wider systems AGB winds are typically
faster than the orbital velocities of the donor stars.
Abate et al. (2013) use the results of detailed hydrody-
namical calculations (Mohamed & Podsiadlowski 2007, 2012;
Mohamed 2010) to develop a simplified model of wind Roche-
lobe overflow (WRLOF), a mode of mass transfer in which it
is the slow and dense wind of the donor star, rather than the
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star itself, that fills the Roche lobe and is transferred on to the
binary companion. We refer to Abate et al. (2013) for a com-
plete description of their WRLOF model and here we summarise
the basics. AGB winds are attributed to a combination of stellar
pulsations, which create the conditions for dust condensation at
some distance Rd from the surface of the AGB star, and radia-
tion pressure on dust grains. These are accelerated beyond the
escape velocity and, by dynamical collisions with the gas, trans-
fer a net outward momentum to the wind particles (e.g. Freytag
& Ho¨fner 2008; Nowotny et al. 2010; Bladh & Ho¨fner 2012;
Bladh et al. 2015; Ho¨fner 2015). If Rd is greater than or com-
parable to the Roche-lobe radius RRL of the donor, the AGB
wind is slow inside the Roche lobe and is gravitationally focused
through the inner lagrangian point L1 and transferred with high
efficiency to the secondary star. The dust-formation radius, Rd,
is a function of the effective temperature of the star and of the
condensation temperature of the dust (Ho¨fner 2007). The latter
depends on the chemical composition of the dust and it is as-
sumed to be 1500 K and 1000 K for carbon- and oxygen-rich
dust, respectively (Ho¨fner 2009). Because the dust composition
of low-metallicity AGB stars is complex and often very uncer-
tain (e.g. Boyer et al. 2015a,b), in our model the condensation
temperature, Tcond, is treated as a free parameter.
In their hydrodynamical calculations of WRLOF, Mohamed
& Podsiadlowski (2007) originally adopt Tcond = 1000 K, which
is also the value used by Abate et al. (2015c) to maximise the
fraction of CEMP stars in their synthetic populations of metal-
poor stars. Indeed, a low dust-condensation temperature implies
that the range in which WRLOF takes place is shifted towards
longer separations compared to the case of a higher Tcond, be-
cause dust forms further away from the star and hence Rd is
larger. Consequently, the number of binary systems that undergo
efficient wind mass transfer at long separations increases and so
does the CEMP fraction3. However, a large proportion of these
systems are formed at much longer periods than observed (Abate
et al. 2015c). Following Abate et al. (2013), here we choose to
assume Tcond = 1500 K because after about five thermal pulses
our model AGB stars have C/O > 1 at the surface and hence the
dust formed in their outflow is also likely carbon rich.
2.4. Angular-momentum-loss model
The variation in orbital angular momentum caused by mass loss
in a binary system can be parameterised as
J˙ = η
(
M˙don − M˙acc
)
a2Ωorb , (2)
where Ωorb and a are the orbital angular velocity and separation
of the binary, respectively, M˙don and M˙acc are the mass-loss and
mass-accretion rates of the donor and the accretor, respectively,
hence their difference is the total mass lost by the system per
unit time, and η is a parameter identifying the specific angular
momentum carried away by the expelled material per unit mass.
In our model sets M1–M5, M13 and M14, the variations
of orbital angular momentum because of wind mass loss are
computed according to the Jeans approximation of an isotropic,
spherically-symmetric wind, as e.g. in Eq. (4) of Abate et al.
(2013). This is a valid approximation in the case of fast winds,
with velocities much larger than the orbital velocity of the bi-
nary. In this approach the specific angular momentum of the
3 We refer to Sect. 5 of Abate et al. 2013 for a discussion about the
consequences of varying Tcond.
ejected material is
ηiso =
1
(1 + Q)2
. (3)
This mode of mass loss always results in expansion of the orbit.
In contrast with the isotropic-wind approximation, a vari-
ety of observations (e.g. Karovska et al. 1997; Castro-Carrizo
et al. 2002; Karovska et al. 2005, 2010) and hydrodynamical
simulations (e.g. Theuns & Jorissen 1993; Nagae et al. 2004;
Mohamed & Podsiadlowski 2007; Chen et al. 2017; de Val-
Borro et al. 2017; Liu et al. 2017) show that the geometry of
the wind lost in binary systems with AGB donor stars is in many
cases not spherical, but focussed into the orbital plane. As a con-
sequence, the angular momentum carried away by the ejected
material may be larger than predicted by the Jeans mode. This
in turn can cause the binary orbit to shrink rather than expand
(Chen et al. 2018; Saladino et al. 2018). Taking into account
such enhanced angular-momentum loss may therefore help to
explain the short orbital periods of CEMP-s binaries and related
systems. For example, Izzard et al. (2010) find that the observed
period-eccentricity distribution of barium stars, which are often
considered the solar-metallicity analogs of CEMP-s stars, can
be reproduced if the ejected material carries away at least two
times the average specific orbital angular momentum of the bi-
nary system. Abate et al. (2015a) reach a similar conclusion in
their effort to simultaneously model the chemical composition
and the orbital period of 15 observed CEMP-s stars.
By including the formalism of Izzard et al. (2010, Eq. 2) into
our Eq. (2), we obtain the following
J˙ = γ × Q
(1 + Q)2
(
M˙don − M˙acc
)
a2Ωorb , (4)
from which follows the relation η = γQ (1 + Q)−2. Izzard et al.
(2010) and Abate et al. (2015a) adopt γ = 2. In this work, we
test different values of the constant γ, namely γ = 2, 3, and 6, to
qualitatively investigate how strong the angular-momentum loss
has to be in order to reproduce the period distribution of CEMP-s
stars4 .
The choice of a constant γ in Eq. (4) implies that the spe-
cific angular momentum of the ejected material does not depend
on the orbital period of the system. Hence, a binary system so
wide that the gravitational influence of the companion star on
the wind of the donor is negligible loses the same amount of
angular momentum as a close binary, if the total ejected mass
in the two cases is the same. A step towards a more physical
description of the process is to include a dependence of η on
the orbital properties of the binary system. For this purpose we
use the results of the hydrodynamical simulations of Jahanara
et al. (2005), Chen et al. (2018) and Saladino et al. (2018), in
which the angular-momentum loss rates from binaries interact-
ing via stellar winds are computed explicitly. Chen et al. (2018)
and Saladino et al. (2018) present simulations of low-mass bina-
ries interacting via the winds of their AGB donor stars. Despite
the different assumptions made in these studies, the specific or-
bital angular momentum of matter lost from the system in both
studies is very similar when it is expressed as a function of the ra-
tio of the terminal wind velocity and the orbital velocity, vw/vorb
(see Saladino et al. 2018). Jahanara et al. (2005) present more
generic simulations of wind mass transfer, of which those la-
belled as ‘radiatively driven’ are the most applicable to AGB
winds. They also find that the specific angular momentum of the
4 For comparison, in this formalism γ = Q−1 for an isotropic wind.
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Fig. 2. Specific angular momentum, η (in units of a2Ωorb), as a
function of the orbital period of binary systems with fixed pri-
mary mass, Mdon = 0.9M, and mass ratios Q = 1.05, 2 (left
and right panels, respectively). The solid, dashed, dot-dashed
and dotted lines show, respectively, the profiles of η as computed
with Eqs. (2), (3) with γ = 2, (4) and (5).
ejected matter depends on the ratio of the wind velocity and the
orbital velocity.
Saladino et al. (2018) find that the results of all three sets of
simulations can be represented fairly well by a simple relation,
ηhydro = ηiso +
1.2 − ηiso
1 + (2.2vw/vorb)3
, (5)
where vw and vorb are the wind and orbital velocities, respec-
tively, and ηiso is the specific angular momentum for isotropic
mass loss given by Eq. (3). The second term in Eq. (5) gives
ηhydro a dependence on the separation through vorb. In binary
systems with very long orbital periods the ratio vw/vorb is large,
consequently the first term of Eq. (5) dominates and the angular
momentum lost by the system is the same as in the isotropic-
wind model. By contrast, for shorter orbital separations the ratio
vw/vorb decreases (because vw is constant while vorb increases)
and consequently the contribution of the second term in Eq. (5)
becomes stronger.
Alternatively, we can use the results of Brookshaw & Tavani
(1993) who studied the angular-momentum loss from binary sys-
tems in which the wind is modelled by ballistic calculations of
test particles. These calculations ignore the effects caused by gas
pressure and radiative acceleration. This is permissible for fast
winds, but it is a poor representation of slow and dense AGB
winds. Because both these phenomena will tend to make the
outflow more isotropic, the results of this ballistic study can be
taken to give an upper limit to the amount of angular momen-
tum lost by a stellar wind. We fit the results of Brookshaw &
Tavani (1993) as a function of the mass ratio and vw/vorb (see
Appendix A), similarly to Eq. (5):
ηBT93 = max
{
ηiso ,
1.7
1 + [(0.6 + 0.02Q) · vw/vorb]6
}
. (6)
With Eq. (6) wide binary systems evolve as for an isotropic out-
flow, whereas in closer binaries the angular momentum lost is
significantly higher. The transition between these two regimes is
considerably steeper than in Eq. (5), as shown by Fig. 2, in which
we plot the specific angular momentum of the ejected material
for different models and mass ratios (Q = 1.05 and 2 in the left
and right panels, respectively) as a function of the orbital period
in binary systems with primary mass Mdon = 0.9M. Figure 2
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Fig. 3. Initial period distributions adopted in our models. The
vertical axis represents the binary fraction in each period bin,
i.e. flog P. The black-solid line represents our default initial dis-
tribution of separations, which is flat in log10 ai between 5R and
5×106R, with flog P = 0.11 over this interval. The brown-dashed
line shows the prescription of Moe & Di Stefano (2017), adopted
in set M13, for a 1.0M primary and mass ratio M2,i/M1,i > 0.1.
The shape and maximum of the distribution of Moe & Di Stefano
(2017) depend on the primary mass and mass ratio. The green-
dotted line shows a period distribution flat in log10 Pi and with
flog P = 0.15 in the period range [10, 2 × 104] days, which we
adopt in our model set M14. The integral of each curve repre-
sents the total binary fraction over the period interval.
also shows that in the models with constant γ and with an iso-
topic wind, η does not depend on the orbital period and conse-
quently the variations of angular momentum are only determined
by the total mass that is lost by the system.
The angular-momentum loss rates given by Eqs. (3)–(6) rep-
resent only the angular-momentum loss from the orbit, and do
not include a possible contribution from the loss of rotational
angular momentum in the wind of the AGB donor star. The
latter is accounted for separately in our code. In case the spin
of the mass-losing star is tidally locked to the orbit, this rota-
tional angular-momentum loss is effectively also taken out of
the orbit. This is important in binaries that are close enough for
tidal friction to occur on a timescale shorter than the mass-loss
timescale, and can result in additional orbital shrinkage. In our
binary population synthesis code, tidal friction and angular mo-
mentum transfer between the stars and the orbit is calculated
explicitly (Hurley et al. 2002) and the effect of spin angular-
momentum loss on the evolution of the orbit is thus taken into
account as well.
2.5. Initial distribution of orbital periods and separations
In our model sets it is assumed by default that the initial distribu-
tion of separations is flat in log ai over the range [5, 5× 106] R,
with a constant binary fraction per decade of orbital period,
flog P, of approximately 0.11 in this interval. This choice has
the advantage of being easy to implement and to compare with
previous results of population synthesis studies. Furthermore, it
is broadly consistent with the observed orbital separations of
binary systems in the young stellar association Scorpius OB2
(Kouwenhoven et al. 2007) and with the data of Moe & Di
Stefano (2017, Fig. 37) for the orbits of A/late-B-type binaries
with primary masses in the range 2–5M. However, solar-type
stars with masses between 0.8 and 1.2M, which are the most
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frequent primary masses of the progenitor systems of our syn-
thetic CEMP-s stars, have a rather different orbital-period dis-
tribution and a lower overall binary frequency (Raghavan et al.
2010; Moe & Di Stefano 2017). In addition, by default we as-
sume in our models that the initial distributions of period and
mass ratios are independent, hence the joint probability of form-
ing a binary system with initial period P and mass ratio Q,
p(P,Q), is the product of the individual probabilities p(P) and
p(Q). By contrast, Moe & Di Stefano (2017) find that the period
and mass-ratio distributions of observed binary stars are not sep-
arable, but closely interconnected. Moe & Di Stefano (2017) de-
termine a set of equations to calculate the joint probability func-
tion of forming a binary system with primary mass M1, mass
ratio Q, and orbital period P. We implement this set of equations
in our model set M13.
Anticipating the results of Sect. 3, our simulations in gen-
eral form CEMP-s stars at much longer orbital periods than
observed, unless angular momentum is removed from the sys-
tem with extremely high efficiency. For the sake of compari-
son, in our model set M14 we assume that all binary systems
are formed with orbital periods in the range [10, 2 × 104] days,
which is approximately the range in which the CEMP-s stars
are observed by Hansen et al. (2016), and that the total binary
fraction is 50% over this interval. Although we have little in-
formation about the initial binary and orbital properties of very
metal-poor Halo stars, in particular for relatively wide binaries,
the resulting value of flog P = 0.15 is in approximate agreement
with the results of Gao et al. (2014) for metal-poor F/G/K stars
in binary systems with P <∼ 1,000 d. Figure 3 shows the three
different initial period distributions adopted in our simulations.
2.6. Detection probability of the orbits.
In order to compare our simulations to the observed distribu-
tion of systems, we need to take account of the likelihood of
a given synthetic binary to be detected by the observing cam-
paign of Hansen et al. (2016), whose strategy consisted of tak-
ing observations roughly every 30 days for around 3,000 days.
We compute this likelihood using a Monte Carlo method. For a
given set of system parameters (primary and secondary masses,
orbital period and eccentricity), we randomly select an angle be-
tween the orbit’s major axis and the line of nodes, a value for
the cosine of the inclination of the orbital plane of the binary
to the plane of the sky5, and a starting point in the orbit. We
compute the line-of-sight velocity at this point and at every 30
days for 3,000 days, recording the maximum and minimum ve-
locity. The difference between these is compared to the threshold
radial-velocity amplitude of the observations, and if it is above
this threshold, the system is deemed to have been detected. In
their study, Hansen et al. (2016) achieve a 0.1km s−1 precision in
their radial-velocity measurements, and we consider this value
to be our detection threshold, Kmin.
We repeat this for 105 choices of the orientation of the ma-
jor axis, the inclination, and starting point in the orbit. The de-
tection probability is then given by the number of systems that
exceed the detection threshold, divided by the total number of
iterations. We compute detection probabilities for a grid of po-
tential binaries. To limit the number of systems we need to com-
pute, we first determine the relevant parameter range of systems,
as explained below. We then interpolate in this grid to find the
5 For random orientations of the orbit, the cosine of the inclination
angle is uniformly distributed.
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Fig. 4. (a) Period distributions of synthetic CEMP-s stars com-
puted with our model set M2 and with different adopted detec-
tion thresholds for radial-velocity variations. The black-dashed
line shows the period distribution of all the CEMP-s stars in our
simulation. The blue-dot-dashed and orange-dotted lines show
the period distributions of the simulated CEMP-s stars with de-
tection thresholds of Kmin = 0.1 and 0.5 km s−1, respectively.
(b) Same as in panel (a) for synthetic CEMP-s stars that would
be detected as singles with the above thresholds. (c) The cumu-
lative orbital-period distributions corresponding to the models in
panel (a) are compared with the observed distribution calculated
with the data of Hansen et al. (2016, grey-solid line).
detection probability of any CEMP-s system returned by the
population-synthesis calculations.
In the binary systems of our simulated CEMP-s population,
the primary is the carbon-rich star which would be observed. Its
mass should be higher than 0.5M, or its luminosity would be
so low (L? . 0.08L) that the V-magnitude would typically not
satisfy our selection criteria (see Sect. 2.1), and lower than about
0.95M, otherwise the star would have become a white dwarf be-
fore ten billion years (see e.g. Fig. 7 of Abate et al. 2015c). The
secondary star is a white dwarf of mass that depends on the ini-
tial progenitor mass, and in our simulations varies mostly in the
range [0.5, 0.8]M. CEMP-s systems at periods longer than 106
days are not found in our simulations. For binary systems with
periods shorter than 3,000 days the full radial-velocity curve
would be sampled by the observing campaign of Hansen et al.
(2016). Such a binary would still go undetected if observed close
to face-on (i . 1◦ for a detection limit of Kmin = 0.1 km s−1), but
the probability of such an unfavourable inclination is less than
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about 1%. We therefore assume a detection probability of 100%
for P < 3,000 d. In conclusion, our grid of detection probabil-
ities covers total system masses in the range [0.7, 2.0]M, sec-
ondary masses in the range [0.5, 1.0]M, and orbital periods in
the range [103, 106] days. Because all our synthetic systems are
circular, we do not account for the detectability of eccentric or-
bits (but see the discussion in sections 4.1 and 4.4).
Figure 4 illustrates the effect of different radial-velocity de-
tection thresholds on the period distribution of the synthetic
CEMP-s systems computed with our default model set M2. In
the top panel of Fig. 4, the black-dashed line shows the differ-
ential period distribution of all our synthetic CEMP-s stars. The
blue-dot-dashed and orange-dotted lines show the CEMP-s stars
that would be detected as binary systems with threshold radial-
velocity amplitudes of 0.1 and 0.5 km s−1, respectively. Figure 4b
shows the period distributions of CEMP-s systems that would be
detected as single stars with the observation strategy and thresh-
olds described above. In Fig. 4c the same three models as in
panel (a) are compared to the observed cumulative period dis-
tribution (grey-solid line). Only 18 out of the 22 CEMP-s stars
observed by Hansen et al. (2016) (≈ 82% of the sample) are con-
firmed binaries, 17 of which have a determined period while the
binary with an as yet undetermined period is tentatively plotted
at P = 15,000 d in Fig. 4. We make the assumption that the other
four stars also belong to binary systems but have periods too long
to be detected (indicatively Porb > 15,000 days). As expected,
the proportion of CEMP-s stars detected as binary systems in our
simulations decreases with increasing radial-velocity threshold
Kmin. A binary fraction among simulated CEMP-s stars consis-
tent with the observations is found adopting Kmin = 0.5 km s−1
in our model set M2. Nonetheless, to be consistent with the pre-
cision achieved in the work of Hansen et al. (2016) we adopt
Kmin = 0.1km s−1.
3. Results
We evolve a population of very metal-poor binary stars for each
set of initial assumptions described in the previous sections.
We select the CEMP-s stars and we calculate the orbital-period
distribution for these systems, which we subsequently compare
with the observations of Hansen et al. (2016). Columns 7–9 of
Table 1 characterise the resulting period distribution of each
model set by providing the logarithmic orbital periods at 2.5,
50 and 97.5 percentiles of the synthetic CEMP-s population (i.e.
the orbital period at which the cumulative period distribution is
equal to 0.025, 0.5 and 0.975, respectively).
For each model set, we perform a Kolmogorov-Smirnov (K-
S) test to evaluate the likelihood that the observed period dis-
tribution is drawn from the corresponding synthetic distribution.
Column 10 in Table 1 shows the resulting p-values6, which give
an indication of the relative goodness-of-fit of each model. We
note that eleven of our model sets have p-values less than 0.05,
which is the threshold often used as a criterion to reject a model
with statistical significance. While this result suggests that most
of our models are incompatible with the observed period distri-
bution, in the following we will discuss in detail how different
model assumptions modify the theoretical orbital-period distri-
butions and why many of these fail to reproduce the data.
All figures in this section consist of two panels, as in Fig. 4.
In the top panel we show the differential period distributions
predicted with our models, before accounting for the detection
6 These were calculated with a version, adapted for Python, of the
procedure ksone presented in “Numerical Recipes” (Press et al. 1989).
probability of the orbit. The results are normalised such that
the integral of each curve is equal to the total CEMP fraction
computed with that model, fC, which is reported in the top-right
corner of the plot and in Table 1. The bottom panels show the
corresponding cumulative period distributions, after applying a
radial-velocity detection threshold of Kmin = 0.1km s−1. These
are compared to the observed cumulative period distribution,
shown as a thick, solid grey line. Each cumulative distribution
is normalized to the total CEMP-s population, either observed
or modelled, such that the value at P = 106 days corresponds
to the detected (or detectable) binary fraction in the population.
Our default model set M2 is always shown as a reference with a
black-solid line.
3.1. Changes in the stability criterion of Roche-lobe overflow
Figure 5 shows the period distributions of the models sets M1,
M2 and M3, with different stability criteria for RLOF from AGB
donors. As expected, if the value of Qcrit increases, meaning that
RLOF is stable for a larger range of binary systems, the number
of CEMP stars with periods between approximately a few hun-
dred and a few thousand days is increased. This is roughly the
interval at which the primary stars avoid filling their Roche lobes
on the first giant branch so that the RLOF phase can occur when
the donors have reached the AGB. In this period range we find
systems in which the secondary star accretes enough material to
become carbon-enriched through stable RLOF. This is best seen
in the top panel of Fig. 5, where the distributions of sets M2 and
M3 have a peak at periods between about 300 and 1,000 days, as
a result of the increased stability of RLOF.
The proportion of CEMP stars with periods less than 2,500
days is 15% and 24% in model sets M1 and M2, respectively,
whereas it is 32% in set M3 in which RLOF is always stable.
This implies that at least two thirds of our synthetic CEMP stars,
most realistically more, are formed by accretion of stellar winds.
Were RLOF the only efficient mechanism to transfer material in
low-mass binary stars, the fraction of CEMP stars in our metal-
poor population would therefore be at most 2%, even if RLOF is
always stable, that is, at least a factor of three lower than the
fraction determined from the observed SDSS/SEGUE sample
(≈ 6.1% for stars with [Fe/H] ≈ −2.0, Lee et al. 2013).
In addition, Fig. 5 shows that at any value of the cumulative
fraction the synthetic distributions overestimate the observed pe-
riods approximately by a factor between 2 and 10. The mismatch
is also reflected in the small p-values in Table 1. While set M3
has a marginally acceptable p-value of 0.05, this model lacks
physical realism. Furthermore, a large proportion of simulated
CEMP stars have periods above 15,000 days, most of which
should be detectable with the observing strategy of Hansen et al.
(2016). In their sample, only one CEMP-s star out of 22 (about
5%) is detected as a binary with an as yet undetermined period
that is presumably at least 15,000 days, while four stars (about
18% of the sample) have apparently constant radial velocity. By
contrast, the proportion of detectable synthetic CEMP binaries
with periods above 15,000 days is about 26% in model set M3,
and it is 29% and 32% in the more realistic sets M2 and M1,
respectively. The expected fraction of undetected binaries, with
radial-velocity amplitude less than 0.1 km s−1, is only about 7%
for all three models. This confirms that, regardless of the as-
sumptions about RLOF stability, a significant fraction of sys-
tems form at very long separations. We therefore conclude that,
while a better understanding of the RLOF process is necessary
to reproduce the proportion of observed CEMP-s systems with
periods up to a few thousand days, it is not sufficient to solve the
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Fig. 5. As Fig. 4 for models with different RLOF stability cri-
teria. Model set M1 adopting the H02 criterion is shown by the
green-dashed line. Model set M2 (thin, black-solid line) uses the
CH08 criterion. Model set M3 with Qcrit = 106 (i.e. RLOF from
AGB stars is always stable) is indicated by the magenta dotted
line. The top panel shows the entire simulated populations, while
in the the bottom panel only CEMP-s stars detectable as binary
systems are shown (Kmin = 0.1km s−1 is adopted).
discrepancy between models and observations. To reproduce at
the same time the fraction of observed CEMP-s stars and their
period distribution it is necessary to correctly account for wind
mass transfer.
3.2. Varying the accretion efficiency of wind mass transfer
Figure 6 compares the period distributions of model sets M2 and
M5 (dashed-blue line), in which the wind accretion efficiency
is computed with the WRLOF and BHL models, respectively.
The WRLOF model predicts higher accretion efficiencies than
the BHL prescription over a large range of separations, also in
wide systems (Abate et al. 2013). Consequently set M2 produces
CEMP stars at longer periods than set M5. However, the BHL
model set M5 is only marginally closer to reproducing the ob-
served period distribution than the WRLOF model. Furthermore,
this comes at the expense of a predicted CEMP fraction of 4.6%,
which underestimates the results of the SDSS/SEGUE survey
(≈ 6.1% Lee et al. 2013), and a predicted fraction of undetected
binaries of only about 4%, even lower than in model set M2.
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Fig. 6. As Fig. 5 for model sets M2 and M5 (dashed-blue line)
in which the wind accretion efficiency is computed with the
WRLOF and BHL prescriptions, respectively.
3.3. Changes in the adopted angular-momentum loss
Figures 7 and 8 show the period distributions obtained with
model sets adopting different assumptions about the angular-
momentum loss. In all models shown, the WRLOF prescription
of wind accretion efficiency and the CH08 criterion of RLOF
stability are used. Model sets M9, M11 and M12 in Fig. 7 are
computed using γ = 2, 3, 6 in Eq. (4), whereas set M2 as-
sumes the wind is expelled isotropically by the binary system.
The CEMP fraction increases with increasing γ because the en-
hanced angular-momentum loss causes the binary systems to
shrink more and therefore the range of separations at which the
stars can interact is larger. Also the number of systems that pro-
duce a CEMP star after experiencing a common envelope in-
creases with γ. Many of these had a relatively large initial separa-
tion, and hence the accretor had the time to accrete material and
become carbon-rich before the onset of unstable RLOF. These
systems appear at P . 400 days in Fig. 7.
For γ = 2 and 3, the increased angular-momentum loss com-
pared to the isotropic wind model does not correspond to a sig-
nificant shift of the period distributions towards shorter periods.
To understand this result it is convenient to subdivide the en-
tire range of orbital periods of the synthetic CEMP populations
into smaller intervals and subsequently compare the initial peri-
ods of the progenitor binary systems which, with different model
sets, end up in the same interval. This exercise shows, for exam-
ple, that model sets M2, M9 and M11 form the same propor-
tion (approximately 36–38%) of CEMP stars with orbital pe-
riods between 103 and 104 days, but the progenitor binary sys-
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Fig. 7. As Fig. 5 for different for angular-momentum-loss pre-
scriptions. Model set M2 assumes isotropic wind mass loss.
Model sets M9, M11, and M12 (red-dotted, orange-dot-dashed
and violet-dashed lines, respectively) are computed with Eq. (4)
and γ = 2, 3, 10, respectively.
tems in the three model sets had different initial-period ranges. In
the isotropic-wind assumption (set M2) CEMP stars come from
systems that had initial periods in the interval 1000–8000 days.
Using Eq. (4) with γ = 2 (set M9) the progenitor binary systems
had initial periods mostly between 2000 and 20,000 days, with
a tail up to about 105 days. With model set M11 (γ = 3), the ini-
tial periods of these CEMP stars span between about 2000 and
50,000 days, with a tail up to a few hundred thousand days.
With model set M12 the cumulative period distribution of
CEMP stars is roughly consistent with the observations (p=0.28,
see also Fig. 7) because of the combined effect of a strong an-
gular momentum loss by stellar winds and the increased number
of systems undergoing a common envelope. It should be remem-
bered, however, that the assumption of a constant γ is not sup-
ported by physical arguments and it is unrealistic. In fact, it im-
plies that the specific angular momentum expelled by the binary
system does not depend on the masses of the stars and their dis-
tance, which is at odds with the results of hydrodynamical simu-
lations (e.g. Jahanara et al. 2005; Chen et al. 2018; Saladino et al.
2018). Considering for example a 1M primary star and a 0.6M
companion in a 105-day orbit, with γ = 6 the ejected material
has a specific angular momentum ten times higher than in the
isotropic-wind approximation, despite the fact that at wide sep-
arations the outflow from the donor star is expected to be essen-
tially spherical (e.g. Mohamed & Podsiadlowski 2011, 2012).
The distributions computed with the orbit-dependent
angular-momentum loss prescriptions of model sets M6, M7 and
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Fig. 8. As Fig. 7 with model sets M6 (dashed line) and M7 (dot-
dashed line), in which the angular-momentum loss is computed
with Eq. (5) and vw = 15 and 7.5km s−1, respectively, and set M8
(dotted line), in which Eq. (6) is adopted.
M8 are shown in Fig. 8 with dashed, dot-dashed, and dotted
lines, respectively. Model M6 uses Eq. (5) based on hydrody-
namical simulations from the literature and predicts an increased
proportion of CEMP-s stars at periods shorter than about 2,500
days compared to default set M2, at the expense of systems with
periods between about 2,500 and 30,000 days (see top panel
of Fig. 8). Binaries with P . 30,000 d lose more angular mo-
mentum than in the isotropic-wind model and thus evolve into
closer orbits. This results in a larger fraction of CEMP-s stars
formed through stable RLOF (with 300 d . P . 2,500 days)
as well as systems experiencing a common envelope after ac-
creting enough material to become CEMP-s stars (ending up
with P . 300 d). With model sets M2 and M6 the proportion
of CEMP-s stars with periods up to 2,500 days is 24% and 31%,
respectively. At periods longer than about 10,000 days the cu-
mulative distributions of M2 and M6 are essentially identical,
and the mismatch with the observations discussed in Sect. 3.1
therefore persists (p <0.05, see Table 1).
A critical parameter in Eq. (5) is the terminal velocity of
AGB winds, vw, because a lower wind velocity implies that,
for the same orbital period, a larger amount of specific angu-
lar momentum is carried away by the ejected material. This
parameter is uncertain, as observed wind velocities range be-
tween a few and a few tens of km s−1 (e.g. Vassiliadis & Wood
1993; Danilovich et al. 2015; Goldman et al. 2017). For the sake
of comparison, in model set M7 we assume vw = 7.5km s−1,
which is half of our default value and consistent with the low-
est velocity detected by Goldman et al. (2017) among high-
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luminosity, high-mass-loss stars in the Large Magellanic Cloud.
Consequently, in set M7 the proportion of CEMP-s stars with
periods below 2,500 days increases even more, to about 34%. A
low vw also affects the number of CEMP-s stars in very wide or-
bits (P & 50,000 days). These systems do not enter the WRLOF
regime and consequently the mass-transfer efficiency is calcu-
lated according to the BHL prescription (Eq. 6 of Boffin &
Jorissen 1988), which is proportional to v−4w (for vorb ≤ vw).
With a low vw also very wide systems accrete enough mate-
rial to form a carbon-rich star. As a consequence, about 15% of
the detectable synthetic CEMP-s stars have periods longer than
50,000 days (4% have P > 105days), whereas it is only about
10% in model M6 (≈2% at P > 105days). Thus, while the corre-
spondence with observations improves somewhat at the short-
period end of the distribution, it becomes worse at the long-
period end.
The results of model set M8, based on the ballistic simula-
tions of Brookshaw & Tavani (1993), are roughly consistent with
the observed cumulative distribution up to about 104 days, al-
though the fraction of undetectable binaries is much smaller than
the observed fraction of apparently single CEMP-s stars. This is
not surprising because Eq. (6) predicts large angular-momentum
loss for systems with vw ≤ vorb, much larger than both the
isotropic-wind model and the hydrodynamics-based prescription
up to periods of about 50,000 days. However, as we mentioned
in Sect. 2.4, it should be kept in mind that this model overesti-
mates the amount of angular momentum carried by the ejected
winds and consequently the effect on the period distribution of
CEMP stars, because it ignores the effects caused by gas pres-
sure and radiative acceleration. Nevertheless, model set M8 is
a useful test case to estimate how much angular momentum bi-
nary systems would need to lose in order to reconcile the results
of our simulations with the observed CEMP-s population.
We note that in model sets M6 and M8 the total fraction of
CEMP stars (5.8% and 5.5%, respectively) is somewhat lower
than in set M2 (6.0%). This is because some binary systems that
are just wide enough to avoid unstable RLOF and form CEMP
stars in the isotropic-wind case, which widens their orbits, in-
stead become tighter with the larger angular-momentum loss
of model sets M6 and M8. Many of these undergo common-
envelope evolution before sufficient chemical pollution of the
accretor has taken place. Unlike in the models with constant γ,
this is not compensated by very wide systems evolving into close
enough orbits to become CEMP stars.
In conclusion, Eq. (5) used in sets M6 and M7, which derives
from the results of hydrodynamical simulations, is at present
the only prescription for orbital angular-momentum loss with a
physical basis. The evidence that, despite the uncertainty on vw,
these model sets do not reproduce the observed period distribu-
tion very well suggests that other physical aspects in our models
may have to be reconsidered.
3.4. Changes in the range of initial periods
Our model sets M13 and M14 adopt the same assumptions as
the default set M2 except for the initial distribution of orbital pe-
riods and mass ratios. In model M13 we implement the set of
fitting equations to observed binary stars proposed by Moe &
Di Stefano (2017). These equations result in a quasi-flat initial-
period distribution for low-mass primary stars, with a very wide
peak between approximately 104 and 106 days, and in a com-
bined distribution of periods and mass ratios, q = Q−1 = M2/M1,
which favours small mass ratios, especially in wide orbits. The
efficiency of WRLOF decreases with q in the prescription of
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Fig. 9. As Fig. 5 for different distributions of initial separations
and periods. By default ai/R is in [5, 5× 106] (black solid line).
The dashed line is computed using the initial log P–distribution
of Moe & Di Stefano (2017, Eq. 23). In model set M14 Pi is
log-flat between 10 and 20,000 days (dotted line).
Abate et al. (2013), while it is higher for relatively long-period
systems around ≈ 104 days. As a result, these two effects com-
pensate one another and the period distribution of CEMP-s stars
with model set M13 is very similar to that of our default set
M2, although with a slightly smaller proportion of systems with
P < 104 days and a decreased overall CEMP fraction.
Our model set M14 has a flat log P–distribution with
flog P = 0.15 between 10 and 20,000 days. These assumptions
result in a period distribution which resembles the observations
more closely, in particular at the long-period end. By construc-
tion, only a small fraction of synthetic CEMP-s stars have peri-
ods in excess of 20,000 days, as in the sample of Hansen et al.
(2016). However, this model also predicts that essentially all
CEMP-s stars should have detectable radial-velocity variations
when monitored with the same strategy and sensitivity as the
study of Hansen et al. (2016), which appears at odds with their
finding that four out of 22 observed CEMP-s stars are apparently
single. The p-value of 0.11 nevertheless suggests that we cannot
reject this model on statistical grounds. We note, however, that
the K-S test is relatively insensitive to differences occurring far
from the median of the distribution, as is the case here.
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4. Discussion
4.1. On the observed binary fraction and orbital periods.
We have assumed that all CEMP-s stars are formed in binary
systems, a hypothesis borne out by several theoretical and ob-
servational studies (Lucatello et al. 2005; Aoki et al. 2007;
Bisterzo et al. 2012; Lugaro et al. 2012; Starkenburg et al. 2014).
However, four stars in the sample of Hansen et al. (2016) do
not exhibit radial-velocity variations consistent with orbital mo-
tion. Based on the sensitivity of their study, the authors exclude
as highly unlikely that all four CEMP-s stars are in binary sys-
tems observed face-on, and therefore they conclude that these
are single stars. However, they did not consider the possibility
that these may be binaries with periods much longer than 104
days.
In our simulations we use a Monte Carlo method to ac-
count for the likelihood of our synthetic binary systems to be
detected with the observing strategy of Hansen et al. (2016). In
their study, the precision achieved in the velocity measurements
is about 0.1km s−1. Accordingly, we have assumed a sensitivity
to radial-velocity variations of Kmin = 0.1km s−1, and we find
a fraction of undetectable binaries which ranges between 2 and
10% (in model sets M14 and M7, respectively; it is ≈ 7% in
our default set M2). This means that, in a sample of 22 CEMP-s
stars, we expect between 0.4 and 2.2 undetected binaries, rather
than the four that are observed.
We note that the time span of observations for stars in the
Hansen sample is often less than the 3000 days we have assumed
for computing the detection probability. For two of the four
constant-radial-velocity stars it is indeed much shorter: about
1000 days for HE 0206–1916 and 800 days for HE 1045+0226.
It cannot be excluded that evidence for orbital motion would
have been detected in these stars if the radial-velocity measure-
ments had lasted for the nominal 3000 days. In addition, for star
HE 1045+0226 both the errors and the spread in the observed
radial-velocity values are substantially larger than 0.1 km s−1,
and an overall downward trend in radial velocities with an ampli-
tude several times 0.1 km s−1 is compatible with the data (Fig. 1
of Hansen et al.). Several other stars in the sample also have
radial-velocity measurement errors in excess of 0.1 km s−1. This
suggests that both our assumed time span of 3000 days and de-
tection threshold of 0.1 km s−1 are too conservative for the sam-
ple as a whole. In fact, if we assume a time-span of radial-
velocity monitoring of 1,000 days in our simulations, the pre-
dicted fractions of undetected binaries approximately double. In
our default set M2 we expect about 16% of undetected CEMP-
s systems, in rough agreement with the observed sample (see
Fig. B.1 in Appendix B). In addition, as we show in Sect. 2.6,
if we adopt Kmin = 0.5 km s−1 in our default set M2 about 20%
of the CEMP-s stars would not be detected as binaries, approx-
imately as in the observed sample. The same is true for most
of our simulations, with the exception of sets M8, M12 and
M14, which would require an even higher detection threshold
in order to produce approximately 18% of undetected binaries
(Kmin = 1.0 km s−1 in set M12, Kmin = 1.5 km s−1 in sets M8 and
M14).
Perhaps harder to reconcile with our models than the non-
detection of radial-velocity variations in four stars, is the paucity
of confirmed binaries with orbital periods between 104 and 105
days. The Hansen sample probably contains one such a very
wide binary system, HE 0959–1424, for which it was not pos-
sible to determine the orbital solution but which exhibits ve-
locity variations of about 2 km s−1. Its orbital period must be
longer than 10,000 days, but is likely less than 105 days, and
some of the apparently constant-velocity stars discussed above
may also turn out to have periods in this range. We also note,
however, that the smallest velocity amplitude measured in a con-
firmed CEMP-s binary star is K = 1.57 km s−1, which is signif-
icantly higher than our adopted threshold, even assuming a gen-
erous value of Kmin = 0.5 km s−1. This is hard to reconcile with
a continuous distribution of radial-velocity amplitudes down to
the detection threshold, as would be expected from our simu-
lation, and suggests that the paucity of CEMP-s binaries with
P > 10,000 days is real. An approximate upper limit to the pe-
riod distribution of the order of 104 days is also suggested by the
study of Starkenburg et al. (2014). All of our model sets produce
a substantial fraction of detectable binaries with periods larger
than 104 days. In a sample of 22 CEMP-s stars, between 5 and
9 such binaries are predicted (with Kmin = 0.1 km s−1). Our only
model set that comes close to reproducing the lack of systems in
this period range is M8 if we make the additional, extreme as-
sumption that Kmin = 1.5 km s−1, in which case we predict about
2 detectable CEMP-s binaries with period P > 104 days. In all
other model sets we cannot reproduce at the same time the pro-
portion of undetectable binaries and the number of long-period
detectable binaries, even if we assume a Kmin  0.1 km s−1.
In the discussion above we have only considered circular
orbits. With the Monte Carlo method described in Sect. 2.6,
we find that eccentric binaries with orbital periods in the range
5 × 103 . P . 3 × 105 days are less likely to be detected, be-
cause the radial-velocity variations are smaller than in the cir-
cular case during most of the orbit, except when the system is
close to periastron. Assuming Kmin = 0.1 km s−1, the decrease
in detection probability is about 5% or less for small eccentric-
ities, e ≤ 0.3, while it can be as high as about 25% for e = 0.7,
which corresponds to the highest eccentricity determined in the
observed CEMP-s sample. The smaller detection probability of
eccentric systems helps to reduce the difference between the ob-
served and predicted numbers of detectable CEMP-s binaries
with P > 104 days, but this effect is too small to remove the
discrepancy.
One further aspect that needs to be addressed is whether the
observed sample of Hansen et al. (2016), which we use to con-
strain our models, is representative of the overall CEMP-s pop-
ulation. The members of this sample were initially selected for
their chemical properties, namely their observed abundances of
carbon and barium relative to iron, and subsequently monitored
to ascertain whether they belong to binary systems and, even-
tually, to determine their orbital periods (Hansen et al. 2016).
Consequently, in principle there is no obvious observational bias
in favour of relatively short orbital periods.
Nevertheless, the fact that most stars in the sample have rel-
atively large carbon enhancements ([C/Fe] > 1.5 in 18 out of
22 stars) may introduce a potential bias. We note that all sam-
ple stars are giants that have already undergone first dredge-up,
which has mixed and diluted the transferred material through-
out the accretor (with the possible exception of HE1046 − 1352
which has log10 g = 3.5 and is also the star with the highest car-
bon abundance, [C/Fe] > 3.3). This suggests that they must have
accreted substantial amounts of material from their AGB com-
panions and, therefore, that the adopted observed sample may be
biased towards systems that experienced highly efficient mass
transfer. Consequently wide-period systems, which transferred
only a few percent of the mass ejected by the donor, may be un-
derrepresented. A similar selection effect has been pointed out
for barium stars, in which higher s-process enrichments are as-
sociated with shorter orbital periods (e.g. Boffin & Zacs 1994;
Boffin 2015). However, if among the CEMP-s stars simulated
12
Carlo Abate et al.: Understanding the orbital periods of CEMP-s stars
in model set M2 we select those that have [C/Fe] > 1.5 and
log10 g ≤ 3.0, only very wide systems at Porb > 105 days are sig-
nificantly affected. These transfer less than a few 0.01 M, that
is just enough to enhance the surface carbon abundance of the
accretor up to [C/Fe] ≈ 1. Because these wide systems make up
just a few per cent of the total CEMP population in set M2, the
final period distributions change only marginally if we exclude
them. We conclude that even if there is a bias towards large ac-
creted masses, this does not significantly affect the resulting pe-
riod distribution.
4.2. Accretion efficiency and angular-momentum loss during
wind mass transfer.
In the wind mass-transfer process, the amount of mass and an-
gular momentum that are accreted by the companion or lost by
the binary system are intricately related. The stronger the wind
of the donor interacts with the binary, the higher the accretion
rate and angular-momentum loss are expected to be. Many au-
thors have computed hydrodynamical simulations of wind mass
transfer in low-mass binary systems with different codes and al-
gorithms, but only a few of these studies have addressed the loss
of angular momentum. These simulations produce more or less
consistent results concerning the angular momentum lost when
similar input physics is adopted (cf. Fig. 11 of Saladino et al.
2018). However, the accretion efficiencies found in hydrody-
namical simulations differ significantly, by as much as a factor of
ten, depending on physical assumptions such as the acceleration
mechanism of the wind, the equation of state used to describe the
gas particles, the adopted cooling mechanism, and possibly also
the algorithms used to compute the accretion rates (Theuns et al.
1996; Nagae et al. 2004; de Val-Borro et al. 2009; Mohamed
2010; Chen et al. 2017; Liu et al. 2017; Saladino et al. 2018).
Because of these discrepancies, and with the aim of investigat-
ing multiple combinations of model assumptions, in our work
we chose to treat mass accretion and angular-momentum loss as
if they were independent processes. To improve on this study it
will be necessary to compute these processes self-consistently
with a model based on a reliable set of hydrodynamical simula-
tions covering a large parameter space.
We have investigated different models of angular-momentum
loss. As demonstrated in Sect. 3.3, most of these models yield
periods of CEMP-s binaries that are significantly longer than ob-
served, with the median of the synthetic period distribution typ-
ically exceeding the observed value by about a factor of about
three. With our model sets M6 and M7, which are based on de-
tailed hydrodynamical calculations, the proportion of synthetic
CEMP-s stars between 100 and 2,500 days increases compared
to the isotropic-wind model, reducing the discrepancy with the
observations in this range. However, at longer periods the ejected
material only interacts weakly with the binary and the results
are the same as with the isotropic-wind model, hence too many
wide-orbit CEMP-s systems are formed.
In order to obtain a period distribution of CEMP-s stars that
is consistent with the observed population, at least for periods
up to about 104 days, it is necessary to assume that much larger
amounts of angular momentum are lost with the ejected wind
material. This is the case for model sets M8, based on the sim-
ulations of Brookshaw & Tavani (1993), and M12, with γ = 6
in Eq. (4), in which binary systems shrink significantly in re-
sponse to mass loss. However, we emphasize that sets M8 and
M12 are not based on realistic physical assumptions. Set M8
is based on ballistic simulations that do not take into account
gas pressure and radiative acceleration, which would make the
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Fig. 10. As Fig. 5 for different for accretion-efficiency and
angular-momentum-loss prescriptions. Model set M2 adopts the
WRLOF model of wind accretion and assumes isotropic wind
mass loss. Model set M10 (magenta-dotted line) is computed
with Eq. (4) and γ = 2, and adopts the BHL model with
α = 1.5. Model sets M15 and M16 (blue-dot-dashed and green-
dashed lines, respectively) compute wind accretion efficiency
with α = 10 within the BHL model. Set M15 assumes isotropic
wind mass loss, whereas set M16 uses Eq. (4) with γ = 2.
ejected outflow more isotropic, and hence the angular momen-
tum dispersed by wind material is overestimated. Assuming a
constant γ in set M12 implies that the specific angular momen-
tum of the ejected material is independent of the orbital period
of the systems. In addition, we note that with model sets M8 and
M12 the 20% widest CEMP-s systems have periods mostly in
the range 15,000–40,000 days, of which the majority should be
detectable as binaries (however, see the discussion in Sect. 4.1).
In their study of the periods and eccentricities of barium stars,
Izzard et al. (2010) show that they reproduce the bulk of the ob-
served distribution by adopting Eq. (4) with γ = 2. With the
same assumptions, in our model set M10 we find a cumulative
distribution approximately consistent with the observations for
periods up to about 104 days. However, at longer periods set
M10 predicts only 2% undetected CEMP-s binary systems, and
an overall CEMP fraction of about 5%, which is lower than the
observed one (see Fig. 10).
Abate et al. (2015a) found that high accretion efficiencies
are required to reproduce the surface abundances of their sam-
ple of observed CEMP binary stars. A similar conclusion was
reached by Abate et al. (2015b), who found that approximately
40% of the analysed CEMP-s stars accreted more than 0.1 M
by wind mass transfer from an AGB companion. In their best-
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fitting model set B, Abate et al. (2015a) adopted the equation
for the BHL wind accretion efficiency proposed by Boffin &
Jorissen (1988, Eq. 6) but they arbitrarily replaced the numerical
constant αBHL = 1.5 with αBHL = 10. In their model, the high ac-
cretion efficiency was combined with strong angular-momentum
loss (γ = 2 as in our set M9) which was found to be necessary to
reproduce the observed orbital periods. As a test, we computed
two simulations adopting the BHL prescription for wind accre-
tion and αBHL = 10, while for the angular-momentum loss either
an isotropic wind (set M15) or Eq. (4) with γ = 2 (set M16)
are assumed. The results are shown in Fig. 10. The increase
in accretion efficiency generated by αBHL = 10 causes a shift
in the period distribution of CEMP-s stars towards longer peri-
ods than in model sets M4 and M5, which use the BHL model
with αBHL = 1.5. This is because in these two sets most sys-
tems with periods longer than about 60,000 days do not transfer
enough mass to generate CEMP stars, whereas they do if we
adopt αBHL = 10. As a result, about 35% of the whole synthetic
CEMP-s population come from very wide systems with periods
between 60,000 days and a few times 105 days. In model set
M16, which has the same assumptions of set B of Abate et al.
(2015a), the cumulative distribution we determine is shifted to-
wards periods a factor of two up to ten longer than in our set
M2. Overall these results indicate that a simple increase in wind
accretion efficiency and specific angular-momentum loss of the
ejected material applied to all systems regardless of their separa-
tions aggravate the discrepancy between synthetic and observed
period distributions.
In our simulations, we implicitly ignore that the material
transferred to the secondary star carries angular momentum,
which will spin up the accretor. If the angular momentum con-
tent is too great, it can prevent the accretion of material (Packet
1981). Matrozis et al. (2017) showed that the transferred mate-
rial has to dissipate most of its angular momentum for the sec-
ondary star to accrete more than a few 0.01M. Investigating this
issue and the constraints it puts on the mass-accretion process is
beyond the scope of this paper.
4.3. On the initial orbital-period distribution.
The distribution of initial orbital periods (or separations) and the
initial binary fraction are among the largest uncertainties in our
simulations. Moe & Di Stefano (2017) have combined and inte-
grated the formidable efforts made by many authors to charac-
terise the orbital-period and mass-ratio distributions of young
main-sequence binary systems in the Galactic disk. Adopting
their fitting equations to these distributions instead of our default
log a-flat initial distribution in our simulations does not signifi-
cantly change the period distribution of our synthetic CEMP-s
stars (see our set M13, Fig. 9).
The study of Moe & Di Stefano (2017) does not include a de-
pendence on the metallicity. In particular, little is known about
the initial binary properties of the low-metallicity Halo popula-
tion (see e.g. Ducheˆne & Kraus 2013, and references therein).
For example, Rastegaev (2010) and Hettinger et al. (2015) ar-
gue that the total binary fraction increases with metallicity. In
contrast, Gao et al. (2014, 2017) and Badenes et al. (2018)
find an anticorrelation between these two quantities. In addition,
Rastegaev (2010) has determined the orbital-period distribution
of a sample of about 60 Population-II subdwarf binaries. The
result is an asymmetric distribution with a broad peak between
periods of 10 and 104 days and a tail up to about 1010 days (see
Figs. 8 and 10 of Rastegaev 2010). This distribution is not dis-
similar to what we assume in our model M14, although the flog P
within the peak of their distribution is smaller, about 0.10. The
result of set M14 is a cumulative period distribution of CEMP-
s stars that resembles the observed distribution for periods up
to about 15,000 days. In addition, with flog P = 0.15 we find a
CEMP fraction of 6.5%, similar to that determined from SDSS
data (≈6%, Lee et al. 2013). We emphasize that the initial-period
distribution in set M14 is adopted for comparison purposes and
it is not claimed to be realistic. However, this choice is broadly
in agreement with the study of Gao et al. (2014) for F/G/K stars
at [Fe/H] < −1.1 in binary systems up to one thousand days, and
it is also roughly consistent with the results obtained by Moe &
Di Stefano (2017) for relatively massive stars (M1 & 5M), al-
though these are a marginal fraction of all CEMP-s progenitors
in our simulations. Another source of uncertainty is the contribu-
tion to the observed period distribution from binary systems with
a white dwarf as a companion. The previous evolution of these
systems has probably modified their orbit, and consequently
their current periods differ from the initial periods at their for-
mation. While in their equations Moe & Di Stefano (2017) take
into account this effect, it is not discussed by Rastegaev (2010).
These results are instructive to understand by how much it is
necessary to modify the initial period distribution to reproduce
the observed CEMP-s period distribution, but we stress that the
assumptions adopted in model set M14 are completely arbitrary.
In principle, the validity of these assumptions can be tested on
a number of different astrophysical phenomena. For example,
if the binary fraction per decade of periods, flog P, increases at
low metallicity for orbits up to about 104 days, the rate of Type
Ia supernovae is expected to increase, because these supernovae
progenitors are formed at periods shorter than about 5,000 days
(e.g. Claeys et al. 2014). A similar argument applies to close
symbiotic binaries and blue stragglers, which are expected to
be more numerous among metal-poor stars if flog P is weighted
towards short orbits.
In conclusion, it is clear that the initial binary population in
the Galactic halo needs to be much better characterised in order
to put firmer constraints on the physical processes playing a role
in the formation of CEMP-s binaries. The final data release of
the Gaia mission, in combination with radial-velocity monitor-
ing surveys, will hopefully provide insight into the properties of
the binary population in the halo. In particular, binary systems in
which both components are low-mass main-sequence stars have
likely not evolved much over the ten billion years since their for-
mation, and thus the initial distribution of orbital periods may be
inferred from the study of their current orbital properties.
4.4. On the eccentricities of CEMP-s stars.
In our simulations the binary systems have circular orbits, al-
though about half of the observed CEMP-s stars have non-zero
eccentricities up to e = 0.67 (Hansen et al. 2016). We performed
a number of simulations with the model sets described in Sect. 2
and eight values of the initial eccentricity, ei, uniformly dis-
tributed in the range [0, 0.7]. We find that the period distributions
computed in Sect. 3 do not vary significantly when non-zero ec-
centricities are considered. CEMP stars with periods longer than
about 2,500 days are formed at every eccentricity in our range,
hence reproducing the spread of the observations. The effect of
tidal friction is increasingly important at shorter periods, because
when the primary star ascends the giant branch it fills a signifi-
cant portion of its Roche lobe. Below P ≈ 1000 days the binary
systems experience RLOF, during which the orbit is fully cir-
cularised. As a consequence, if tides are as efficient as assumed
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(Hurley et al. 2002) and in the absence of a physical mechanism
that re-enhances the eccentricity, all these short-period synthetic
CEMP-s systems are in circular orbits, in contrast with at least
four observed CEMP-s stars (two of which are in the sample of
Hansen et al. 2016, see Fig. 1).
A mechanism that counteracts the tidal forces in binary sys-
tems with a giant component close to filling its Roche lobe has
been invoked to model the eccentricities in a variety of contexts,
including post-AGB binary systems and barium stars. The nature
of such a mechanism that can enhance the eccentricity is cur-
rently unclear. Van Winckel et al. (1995) and Soker (2000) sug-
gested that enhanced mass transfer at periastron may counteract
the circularisation of the orbit. Bonacˇic´ Marinovic´ et al. (2008)
successfully applied a tidally-enhanced model of mass loss from
AGB stars to reproduce the eccentricities observed in moder-
ately wide binary systems with a white dwarf and a less evolved
companion, such as Sirius. Alternatively, it has been suggested
that a fraction of the material expelled by the donor star may es-
cape through the outer Lagrangian points and form a circumbi-
nary disk. The interaction between this disk and the binary may
lead to an increase of the system’s eccentricity which depends
on properties such as the orbital separation, the mass of the disk,
its lifetime, viscosity and density distribution (e.g. Artymowicz
& Lubow 1994; Waelkens et al. 1996; Dermine et al. 2013; Vos
et al. 2015). Regardless of its nature, a mechanism that enhances
the eccentricity of close systems will necessarily affect the final
orbital periods. Consequently, any model promising to reconcile
the synthetic period distribution of CEMP-s stars with the obser-
vations will have to take into account a mechanism to counteract
circularisation in short-period binaries.
In our study we focused on binary systems and we did not
consider triples. The presence of a third star orbiting a binary
system may in some circumstances increase its eccentricity, as
described by the Kozai-Lidov mechanism (Kozai 1962; Lidov
1962), opposing the effect of circularisation (see e.g. Perets &
Kratter 2012). The observed proportion of triple-to-binary sys-
tems varies between approximately 10% and 20% depending
on the sample and on the detection techniques, (e.g. Eggleton
& Tokovinin 2008; Rastegaev 2010; Tokovinin 2014; Borkovits
et al. 2016). Consequently, we could expect that in CEMP-s
sample of Hansen et al. (2016) between two and four objects
are, or were, in fact triple systems. This might help to explain
the presence of some of the eccentric CEMP-s stars with peri-
ods shorter than 103 days. For example, in the eccentric system
CS22964–161AB (P = 252 days and e = 0.66, from Thompson
et al. 2008), which is not included in the survey of Hansen et al.
(2016), both components are CEMP-s stars in the early phases of
their evolution, and hence have likely been polluted in the past
by a third object (see e.g. Thompson et al. 2008; Abate et al.
2015b).
4.5. On the origin of single CEMP-s stars
If the four CEMP-s stars that do not exhibit radial-velocity vari-
ations are actually single stars, their formation history has to be
understood. Their observed effective temperatures and surface
gravities are relatively high (see Tab. 6 of Hansen et al. 2016,
and references therein), which excludes the possibility that they
are self-polluted AGB stars. Also, it is very unlikely that they
were formed in binary systems that merged after mass transfer,
as this would require fine-tuning of the system initial parame-
ters. The initial separation has to be just long enough that the
primary reaches the AGB phase, during which some material
is transferred onto the companion, before a common-envelope
phase shrinks the orbit so much that the system merges within a
Hubble time. Furthermore, the merger product would itself end
up on the AGB, and the same counter-argument as given above
against self-pollution applies. Hence, the most likely hypothesis
is that these stars were born with enhanced abundances of carbon
and s-elements from an already enriched interstellar medium.
Choplin et al. (2017) present a model in which the winds
of rapidly-rotating massive stars (also called “spinstars”) are the
cause of this pollution. They were able to reproduce the abun-
dances of most detected elements in the four apparently-single
CEMP-s stars with a model of a 25M star rotating at 70% of
the break-up velocity at [Fe/H] ≈ −1.8 (their Fig. 3). The com-
parison between the best fits of Choplin et al. (2017) and those
of Abate et al. (2015b), who in their model set A used essentially
the same input physics as in our model set M2, indicates that for
two of these stars (HE 0206–1916 and CS 30301–015) the bi-
nary mass-transfer model gives a better fit to the observed abun-
dances. In addition, in one case (star HE 1045+0225) both mod-
els fail to reproduce at the same time the abundances of light ele-
ments (carbon, sodium, magnesium) and light s-elements (stron-
tium and yttrium), with the spinstar model correctly fitting the
s-elements and the binary model better reproducing the light el-
ements.
Star CS 30301–015 is particularly interesting as it has the
largest set of measured abundances, including heavy s-elements
up to lead, that can put tighter constrains on the nucleosynthe-
sis models. While the analysis of Hansen et al. (2016) shows
no radial-velocity variations within 0.3 km s−1 over a 2,300-day
time span, the combination of relatively low abundances of light
s-elements ([ls/Fe] ≈ 0.4), mild enrichment in heavy s-elements
([hs/Fe] ≈ 1, though with some scatter) and strong lead en-
hancement ([Pb/Fe] = 2, Aoki et al. 2002) cannot be recon-
ciled with the predictions of the spinstar model and is much more
consistent with AGB nucleosynthesis. Also, the binary model of
Abate et al. (2015b) for this star predicts an orbital period which
could be as long as 106 days, which would likely go undetected.
In conclusion, although the spinstar model naturally explains
why no orbital motion is detected, binary-star models (Abate
et al. 2015b, and our model set M2) generally predict wide or-
bits for these systems (P > 15,000), which would be difficult to
detect. The abundances of more elements are necessary to dis-
criminate between a spinstar or AGB origin of the chemical en-
richment in these stars. In particular, rotating massive stars gen-
erally yield more oxygen and sodium compared to AGB stars
for a given amount of carbon. Also, they produce more light s-
elements (e.g. strontium) than heavy s-elements (e.g. barium)
and not much lead (Frischknecht et al. 2012; Choplin et al.
2017). By contrast, in AGB stars heavy s-elements and lead are
usually more strongly enhanced than light s-elements. When a
set of observed abundances of all these elements will be avail-
able for these stars, it will be possible to put stronger constraints
on their origin.
5. Summary and conclusions
The motivation for this work is that in population-synthesis mod-
els of metal-poor binary systems the majority of CEMP-s stars
have periods several times longer than in the observed sample of
CEMP-s stars compiled by Hansen et al. (2016). This sample is
taken as a reference because arguably it is not biased towards a
particular period range. In previous studies it has normally been
assumed that Roche-lobe overflow is unstable when the donor is
an AGB star (except in rare circumstances), that wind ejection
occurs in spherical symmetry, and that the initial distribution of
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orbital separations is flat in the logarithm. This results in about
45% of the synthetic CEMP-s stars having periods exceeding
10,000 days, which is currently the longest period measured for
an observed system. If these wide systems are excluded from
the synthetic population, the models underestimate the observed
CEMP fraction by almost a factor of two.
In this study we consider several modifications of these stan-
dard assumptions and investigate their effect on the CEMP pe-
riod distribution. We show that the stability criterion of Roche-
lobe overflow plays a role in determining the proportion of
CEMP stars that are formed at periods between a few hun-
dred and a few thousand days. However, even if we assume
that Roche-lobe overflow from AGB donors is always stable, the
consequences for the period distribution of the synthetic CEMP
population are small, because only a relatively small fraction of
all our simulated CEMP stars experience a phase of Roche-lobe
overflow, between about 15% and 30% in the most extreme case,
while the remainder form by wind accretion. Hence, to repro-
duce the observed fraction of CEMP stars, wind mass transfer
from AGB donors in binary systems has to be efficient.
A large uncertainty in our study is the original binary frac-
tion per decade of orbital period in the very metal-poor stellar
population of the Halo. Assuming that it was similar to that
observed at higher metallicity in the solar neighbourhood, the
constraint placed by the observed period distribution of CEMP-
s stars requires that the wind ejected by binary systems has to
carry away a large amount of angular momentum, up to about ten
times higher than in the simplistic case of isotropic wind ejec-
tion. At present, state-of-the-art hydrodynamical simulations do
not predict the high angular-momentum loss necessary to rec-
oncile the results of our population-synthesis models with the
observations. However, another possibility is that at very low
metallicity binary systems formed at periods distributed differ-
ently from today. Our simulations show that if binary systems
are initially formed in a significantly narrower range of periods,
up to around ten thousand days, then the period distribution of
observed CEMP-s stars can be reproduced.
The CEMP-s star sample of Hansen et al. (2016) contains
four stars that appear to be single, that is, no evidence for binary-
induced radial-velocity variations was found. Our simulations
show that at least some, and perhaps all, of these could be bina-
ries at periods (much) longer than 10,000 days that are observed
at unfavourable orbital phases and/or inclinations. However, it is
hard to reconcile at the same time both the substantial number of
apparently single stars and the fact that only one detected binary
has a (still unmeasured) period exceeding 10,000 days with any
of our simulations.
In conclusion, a combination of significant wind accretion
efficiency, higher than the predictions of the canonical Bondi-
Hoyle-Lyttleton approximation, strong angular-momentum loss
carried away by the wind material that escapes the binary sys-
tem, and possibly an initial distribution of orbital separations
significantly different from that observed in solar-vicinity stars,
is required to reproduce the orbital periods of the observed pop-
ulation of CEMP-s stars.
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Appendix A: Fit to ballistic calculations
Brookshaw & Tavani (1993) compute the average specific angu-
lar momentum 〈 jw〉 of test particles ejected from the surface of a
star and subsequently lost from a binary system, after following
their ballistic trajectories in the binary potential. They present
their results in terms of a quantity
hcm = (1 + Q)
〈 jw〉
a2Ωorb
, (A.1)
which is related to our parameter η as hcm = η (1 + Q). However,
in their calculations the mass-losing star co-rotates with the or-
bit, so that hcm includes both orbital and spin angular-momentum
loss. Since the binary c code already accounts for spin angular-
momentum loss and spin-orbit coupling explicitly, we should
avoid including this effect twice. Thus η should include only the
orbital angular-momentum loss. We expect the spin angular mo-
mentum loss to contribute a term equal to 〈 jrot〉 = 23 R2Ωorb for a
co-rotating star of radius R, which implies that
η =
hcm
1 + Q
− 2
3
R2
a2
. (A.2)
Table 13 of Brookshaw & Tavani (1993) presents values of hcm
for various mass ratios and Roche-lobe filling factors, Ψ = R/RL,
of the mass-losing star. Because in these calculations the parti-
cles are ejected at very high velocity, we expect the Jeans ap-
proximation to be valid, i.e. we expect η to be equal to ηiso =
(1 + Q)−2 (Eq. 3). We verified that this is indeed the case when
applying Eq. (A.2) to all the values in Table 13.
We thus proceed to use Eq. (A.2) to study the dependence
of η on the particle injection velocity vin. We use the results
of Table 1, in which isotropic mass loss from the surface of a
Roche-lobe filling star is assumed. Applying Eq. (A.2) in this
case is not quite correct because it neglects the non-spherical
shape of a Roche-lobe filling star, but it is accurate enough for
our purposes. Table 1 tabulates hcm as a function of the mass ra-
tio Q and the parameter V = vin/vorb,d, where vorb,d = vorb/(1+ Q)
is the orbital velocity of the donor star around the centre of mass
and vorb is the relative orbital velocity of the binary. Fig. A.1
shows the corresponding η as a function of vin/vorb for several
values of Q, together with the fitting formula of Eq. (6). In using
the latter we have identified vw with vin. For vin >∼ 3vorb the re-
sults of the ballistic calculations reproduce the Jeans mode, ηiso
(horizontal parts of the curves) while for vin <∼ vorb the results
converge to a constant value of η ≈ 1.7, independent of mass
ratio.
Appendix B: Reduced time of radial-velocity
monitoring
Figure B.1 illustrates how the assumption of two different radial-
velocity monitoring times, namely tobs = 3,000 and tobs = 1,000
days (blue-dashed and red-dotted lines, respectively) modifies
the period distribution of the synthetic CEMP-s systems. The
period distributions are computed with our default model set M2
and a detection threshold of Kmin = 0.1 km s−1. The period distri-
bution of all our synthetic CEMP-s stars is also shown for com-
parison (black-dashed line).
Fig. A.1. Results from Table 1 of Brookshaw & Tavani (1993)
for several mass ratios Q (coloured squares) as a function of
vin/vorb. Solid lines show the fitting formula Eq. (6) for the cor-
responding mass ratios.
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Fig. B.1. As Fig. 5 for models with different time-span of the
radial-velocity monitoring. The solid-black line shows the pe-
riod distribution of all the CEMP-s stars in our simulation. The
blue-dashed and red-dotted lines are computed with a detection
threshold Kmin = 0.1 km s−1 and a time-span of 3,000 and 1,000
days, respectively.
